The simultaneous detection of protein expression and gene copy number changes in patient samples, like paraffin-embedded tissue sections, is challenging since the procedures of immunohistochemistry (IHC) and Fluorescence in situ Hybridization (FISH) negatively influence each other which often results in suboptimal staining.
Introduction
With the introduction of immunohistochemistry (IHC) into routine pathology in the late 1970s it has become possible to analyze protein expression in tumour tissues [9] . IHC also allows antigen detection in paraffin embedded tissue samples. Results are visualized using either conventional bright field or epifluorescence microscopy. Specific molecular markers can be detected with IHC and are often used to characterize particular cellular events such as proliferation or cell death (apoptosis) [3, 21] . Additionally, special antigens may serve as tumour markers [15] .
In the late 1980s DNA in situ hybridization (ISH) became part of the diagnostic tools in pathology. This method provides data on structural and numerical chromosomal aberrations, amplification of oncogenes and deletion of tumour suppressor genes directly in tumour cells [24] .
Because IHC is a method that detects protein while ISH identifies alterations of the DNA the information obtained is complementary.
In addition, it can be attractive to study specific genetic aberrations in a phenotypically defined subset of cells. However, the simultaneous detection of immunophenotype and genotype of the same cell is challenging since the protease/pepsin treatment which is needed for ISH destroys the epitopes that are supposed to be detected in IHC [7] . Therefore, the combination of both methods on two consecutive slides has become a common practice to avoid the technical problems associated with double-staining. However, using consecutive slides has the disadvantage that protein expression and gene copy number data are not analyzed within the same cells, which makes it difficult to compare IHC and FISH results especially in cases where the lesion is truncated in one of the two slides and/or the tumor consists of heterogeneous cell populations [10] . To achieve optimal IHC and FISH results within the same cells, we developed a protocol for subsequent protein and gene copy number detection and analysis on the same slide using an automated image acquisition and analysis software including image relocation and a function to mark and count in areas of interest ( Fig. 1 ).
Material and methods

Tumour tissue
Paraffin-embedded tissue from 13 diagnostic colon cancer samples was obtained from the archive of the Institute for Pathology, University Salzburg, Austria. After paraffin embedding the tumours were cut into 4-micron thick sections and mounted on charged glass slides. The study was in accordance with the regulation of the local ethics committee.
Algorithm for combined IHC and FISH
For IHC CD133 detection an anti-CD133 rabbit monoclonal antibody (1:20; clone C24B9, Cell Signaling, Danvers, MA, USA) was used. Slides were deparaffinized and subjected to citrate-based antigen retrieval (0.01 mol/l of citric acid, pH 6.0, steamed for 5 min), followed by slow cooling for 20 min, and then incubated with the primary antibody in phosphatebuffered saline +0.2% bovine serum albumin +5% goat serum at 4 • C for 12 h. Slides were washed in 1 × PBS and thereafter incubated for 1 h at room temperature (RT) with the secondary Goat Anti-Rabbit IgG-FITC antibody (1:200; clone 4030-02, SouthernBiotech, Birmingham, AL, USA).
After IHC for CD133, the slides were analyzed with the SpGreen filter on a Zeiss Axio Imager M1 (Carl Zeiss, Jena, Germany) equipped with a 40× oil objective, an automated stage and filters for DAPI, SpAqua, SpOrange and SpGreen (Chroma Technologies, Bellow Falls, VT, USA). The microscope was operated through the Metafer software (Metasystems, Waltham, MA, USA) which allows for recording of relocation data and automated image acquisition and analysis. The positions for positive and negative tumour glands were stored using a relocation algorithm in the Metafer program. Relocation data for at least 20 areas with CD133 negative glands, CD133 positive glands or surrounding normal tissue, respectively, were recorded and used for automated image acquisition with a classifier designed for green immunofluorescent staining ( Fig. 2A) . Subsequently, for FISH analysis the slides were pretreated with 0.05% pepsin for 20-25 min (37 • C) before undergoing fixation in 10% formalin for 10 min followed by ethanol dehydration. After air-drying, the slides were denatured in a 70% formamide/2× saline sodium citrate (SSC) solution for 2 min at 72 • C. The slides were then put through an ice-cold dehydrating ethanol series (70%, 90% and 100%) and were air-dried. All FISH probes were denatured for 5 min at 80 • C followed by pre-annealing at 37 • C for 2 h except for CEP6 (Abbott Molecular, Des Plaines, USA), which requires no pre-annealing. Preannealed probes were mixed with the denatured CEP6 probe (Abbott Molecular, Des Plaines, IL, USA) before being added to the denatured slides. The slides were then cover slipped and sealed with rubber cement before being placed in a humidified chamber for overnight hybridization at 37 • C. After hybridization, slides were washed in 2 × SSC (three times for 3 min each time) at RT followed by a dehydrating ethanol series (3 min each). The slides were counterstained with a 4,6-diamidino-2-phenylindole (antifade) solution and mounted with a coverslip.
FISH analysis was performed on each case with probes specific to centromere 6 (CEP6, labeled with Spectrum Aqua), a BAC contig that contains the MYC proto-oncogene on chromosome band 8q24.21 (labeled with Spectrum Orange) and a BAC contig that contains the gene for the zinc finger protein 217 (ZNF217) on chromosome band 20q13.2 (labeled with Spectrum Orange). Slides were checked for hybridization efficiency before the automated image analysis process was started. A custom designed Metafer software classifier enabled the mapping of the same locations previously imaged for IHC. This classifier automatically imaged the relocated fields in SpAqua (for the control centromere probe) and SpOrange (for the gene-specific probes) using an autofocus function and automated filter change. After the FISH images were collected, the user marked the areas of interest (in our case: CD 133 positive or negative glands according to the IHC images) within the FISH images (Fig. 2B) . This information was added to the case file and the signal numbers for the target genes (MYC or ZNF217) and the control gene (CEP6) were counted within the areas marked according to a previously published algorithm called "tile sampling" [11, 17] which includes automated background correction and signal segmentation. After running this analysis the signal numbers for each tile and for the sum of all tiles were displayed in a histogram (Fig. 3) and a ratio between target gene signal number and control gene signal number was calculated as a final result.
Results
Automated FISH analysis was performed on 13 different colon cancer samples; each sample was scored for MYC, ZNF217 and chromosome 6 in CD133 positive and negative glands. As a proof of principle, we also evaluated normal surrounding tissue (mesenchymal stroma and colon mucosa) from six of the cases without detecting any abnormalities. The target gene to control probe ratio in these normal surrounding tissues was 1.02 ± 0.06 irrespective of whether the tumour tissue in these cases showed gene amplification or not. We therefore defined a ratio (number of gene signals/number of centromere 6 signals) of 1.2 as a threshold for amplification of the target gene(s). From the 13 cases four (31%) showed amplification for the MYC oncogene and seven of 13 (54%) cases were amplified for ZNF217. Of note, there was no significant difference between CD133 positive tumour and CD133 negative tumour cells within each of the 13 tumours.
The average of all MYC/CEP6 ratios for CD133 positive glands was 1.20 compared to 1.19 in the CD133 negative glands. The average of all ZNF217/CEP6 ratios for CD133 positive glands was 1.45 compared to 1.47 in the CD133 negative glands.
Discussion
Performing fluorescence immunophenotyping and FISH on the same tumour tissue slide enables the comparison of protein expression and gene copy numbers detected within the same tumour cells. Using the above described algorithm of a subsequent staining protocol employing an automated image analysis software for ease of performance we avoided the pitfalls of doublestaining procedures and separate IHC and FISH staining protocols on two consecutive tumour tissue slides and were able to enumerate specific gene gains in distinct populations of CD133 immunofluorescencepositive and -negative colorectal cancer cells.
For quantifying gene ratios within specific tumour tissue areas of interest a previously published auto- mated quantitative analysis system ("tile sampling") was used [11, 17] . The system has the advantage that it uses non-overlapping square tiles instead of a single cell recognizing module; this allows a FISH analysis even in sections with high cellular density. The multiple tile sub-images are then used for the quantitative analysis. The system requires a reference probe, which is supposed to be not amplified or lost. We used a probe for the centromere of chromosome 6, because it has been shown by array comparative genomic hybridization that this chromosome is relatively stable in colorectal cancer with little involvement in chromosomal abnormalities [5, 13, 20] . Our amplification rates for both target genes are similar to published data, which show a gain of 10-20% for MYC (compared to 31% in our cases) and a gain of approx. 60% for ZNF217 (compared to 54% in our cases) in colorectal tumour samples [1, 22, 18] . Additionally, we could demonstrate that the surrounding normal tissue exhibits a normal gene/chromosome ratio (1.02 ± 0.06), which is of special importance because the ratio of approximately one and the small standard deviation prove the reliability of the algorithm.
As CD133 positive tumor cells have been reported to contain the fraction of tumor initiating cells, a genetic characterization of these cells is of great biological relevance [16, 19] . To the best of our knowledge, this is the first time that gene copy number ratios in CD133 characterized glands were assessed. Of note, the gene ratios in the CD133 positive and CD133 negative glands within each tumour were essentially identical indicating that there is no difference between CD133 positive and negative glands in terms of copy numbers for the genes analyzed. Though a negative result for the hypothesis that glands with different CD133 expression might be characterized by different gene copy number ratios, the finding of nearly identical values for the two gland populations proved on the other hand, the reliability and reproducibility of the measurement method that we applied in this approach.
Obviously, a double-staining combination of ISH with IHC on one slide could serve as an alternative to our novel method. Such a combination has been reported [12] . However, it is time-consuming and often very problematic because optimizing the conditions for ISH and IHC is mutually exclusive. Thus, a satisfactory outcome for the simultaneous performance of both analyses on paraffin-embedded tumour tissues is a difficult task because the pepsin treatment that is necessary to improve the accessibility of the tumour tissue for the DNA probes to penetrate during the FISH procedure destroys at the same time the epitopes that are supposed to be detected by IHC. Our protocol offers an easy way to bypass that problem. After performing IHC, the slide is screened for immuno-positive and -negative areas. Coordinates for these areas are stored and images are taken in an automated fashion. Subsequently, FISH is performed on the same slide. As mentioned above, the pepsin pretreatment for the FISH destroys the immunostain because it removes the proteins from the cell. However, in our approach the IHC analysis data are stored in form of images and relocation data which allows for direct comparison with the subsequent FISH evaluation later on.
A custom designed classifier for the FISH analysis enables relocation, automated image acquisition, marking of areas of interest (e.g., immuno-positive vs.
-negative glands) and automated enumeration of the control probe and gene probe signals within areas of interest by using the tile sampling algorithm. The automation of this process facilitates the evaluation of large numbers of cells and signals. In nearly all cases over 10,000 signals have been analyzed by the system. In summary, there are several major advantages of our protocol: First, performing immunohistochemistry and FISH subsequently allows for fully optimized analyses, resulting in high-quality IHC and FISH images for the same tumour cells. Second, a relocation system allows for an easy and exact alignment of the IHC and the subsequent FISH image. Third, the use of automated microscopy with fully optimized, computational classifiers employing tools to mark areas of interest and enumerating signals with the help of tile sampling, enables automated signal enumeration within histologically well defined and immunophenotyped tumour areas. Fourth, automated spot counting enables objective analysis of large cell numbers which leads to more consistent, reproducible and uniform results across laboratories. This will help to fulfill the raising quality control standards in pathological laboratories [6] .
The novel algorithm could also be of interest for HER2 evaluation in breast cancer samples. A positive HER2 status is a prerequisite for the decision if a breast cancer patient can benefit from a Herceptin treatment [2] . Although there is still discussion regarding the preferred method for HER2 testing [8, 23] , recommended work-flows for the evaluation of the HER2 status exist [26] . One very well accepted and widely used algorithm recommends HER2 IHC followed by FISH. Truncation of invasive and non-invasive tumour areas can lead to inconsistencies between the two analyses when done on consecutive sections, as it is common practice today [4, 25] . In addition, tumor heterogeneity can be underestimated because the optical magnification required for the analysis of FISH signals is usually higher than for IHC [14] . Being able to combine IHC images with FISH images from the exact same tissue area as described in our approach will allow for direct correlation of pheno-and genotype. It will also help to exclude certain areas of tissue from evaluation due to staining artifacts or for biological reasons.
In conclusion, we report a reliable and reproducible approach to combine IHC on paraffin-embedded tissue sections with subsequent automated FISH signal counts within immunohistochemically positive or negative tissue areas. The work-flow and necessary algorithms for this method can be easily established in a routine lab setting and the fully automated FISH data collection and interpretation ensures objective and reproducible signal counts and reduces hands-on technician time.
